Abstract Systemic hypertension is one of the most prevalent cardiovascular diseases. Sleep-disordered breathing (SDB) with recurrent apnea is a major risk factor for developing essential hypertension. Chronic intermittent hypoxia (CIH) is a hallmark manifestation of recurrent apnea. Rodent models patterned after the O 2 profiles seen with SDB patients showed that CIH is the major stimulus for causing systemic hypertension. This article reviews the physiological and molecular basis of CIH-induced hypertension. Physiological studies have identified that augmented carotid body chemosensory reflex and the resulting increase in sympathetic nerve activity are major contributors to CIH-induced hypertension. Analysis of molecular mechanisms revealed that CIH activates hypoxiainducible factor (HIF)-1 and suppresses HIF-2-mediated transcription. Dysregulation of HIF-1-and HIF-2-mediated transcription leads to imbalance of pro-oxidant and anti-oxidant enzyme gene expression resulting in increased reactive oxygen species (ROS) generation in the chemosensory reflex which is central for developing hypertension.
Systemic hypertension is one of the most prevalent cardiovascular diseases affecting an estimated 26 % of the population [1] . It can be either primary (essential), with no known underlying cause, or secondary, caused by known conditions that affect either kidneys or endocrine system [2] . Of these two forms, essential hypertension, which is characterized by enhanced sympathetic nerve activity, is more prevalent, affecting 90-95 % of hypertensive cases. Epidemiological studies have identified sleep-disordered breathing (SDB) with recurrent apnea as a major risk factor for developing essential hypertension [3] [4] [5] [6] . Recurrent apneas are characterized by transient, repetitive cessations of breathing, which can be either due to obstruction of the upper airway (obstructive sleep apnea (OSA)) or defective generation of respiratory rhythm by the central nervous system (central apnea) [4, 6] . SDB is highly prevalent, afflicting 9 % of women and 24 % of adult men in the USA [7] . Peppard et al. [8] demonstrated a clear correlation between the severity of apnea and subsequent development of hypertension, independent of other confounding factors.
In severely affected SDB patients, arterial blood O 2 saturation during apnea can be reduced to as low as 50 %. Thus, chronic intermittent hypoxia (CIH) is a hallmark manifestation of recurrent apnea. While apneas also produce chronic intermittent hypercarbia (i.e., elevated arterial blood CO 2 ), rodent models patterned after the O 2 profiles encountered in SDB patients showed that CIH is the major stimulus for causing systemic hypertension [9] [10] [11] . The discovery of transcriptional activators HIF-1 and HIF-2 has provided important molecular insights into systemic responses to hypoxia [12, 13] . This article reviews emerging evidence for dysregulated HIFmediated transcription as a major molecular mechanism underlying hypertension caused by CIH.
Physiological basis of CIH-induced hypertension
Augmented sympathetic nerve activity: a hallmark of CIHinduced hypertension SDB patients exhibit elevated muscle sympathetic nerve activity (MSNA), which is a measure of systemic vascular resistance [14] as well as increased circulating and urinary norepinephrine and epinephrine levels [5, [15] [16] [17] [18] . The increased sympathetic nerve activity in SDB subjects is independent of obesity, which is a common comorbidity in these patients [14] . Continuous positive airway pressure (CPAP) treatment normalizes sympathetic nerve activity and blood pressure in some, but not in all, OSA patients [18] [19] [20] . Rodents exposed to CIH also exhibit augmented sympathetic nerve activity and hypertension [21] [22] [23] [24] [25] . Chemical sympathectomy with 6-hydroxy dopamine prevents CIHinduced hypertension in CIH-exposed rodents [26] . Taken together, these studies suggest that heightened sympathetic nerve activity is a major contributor to CIH-induced hypertension.
Carotid body chemosensory reflex mediates sympathetic activation by CIH The chemosensory reflex initiated by the carotid body, the principal O 2 -sensing organ, is a major regulator of sympathetic tone [27] . Even a modest decrease in arterial blood O 2 (hypoxemia) is enough to stimulate the carotid body sensory nerve activity, and the response occurs within few seconds after the onset of hypoxia. The exquisite sensitivity of the carotid body to changes in O 2 levels and the ensuing activation of the chemosensory reflex are uniquely suited to translate the IH stimulus occurring during recurrent apnea to changes in sympathetic nerve activity.
Several studies showed heightened carotid body chemosensory reflex in SDB patients' and CIH-exposed rodents. Hypoxia-induced sympathetic excitation, stimulation of breathing, and blood pressure elevation, the hallmarks of the chemosensory reflex, are more pronounced in SDB patients than in control subjects [28] [29] [30] . Brief hyperoxia, which decreases carotid body sensory nerve activity, results in a more pronounced ventilatory depression in OSA patients than in control subjects [29, 31] and reduces blood pressure in OSA subjects [30] . CIH-exposed cats [32] and mice [33] also exhibit enhanced ventilatory response to hypoxia, which is a hallmark of the carotid body chemosensory reflex. Rats exposed to CIH show exaggerated renal nerve [22] and thoracic sympathetic nerve responses to hypoxia [25, 34] . Critical evidence for the role of chemosensory reflex in mediating sympathetic activation and hypertension by CIH comes from studies with ablation of carotid bodies. In the early 1960s, surgical ablation of carotid bodies was performed in patients with asthma [35] . Some patients with carotid body resection developed SDB. Remarkably, SDB patients with resected carotid bodies did not develop hypertension [36] . Chronic sectioning of carotid sinus nerves, as in the earlier study by Fletcher and coworkers [37] , and selective ablation of carotid bodies, while preserving the carotid baroreceptors, as in a recent study by Peng et al. [11] prevented CIH-induced sympathetic activation, elevated plasma catecholamine levels, and hypertension in rats. Taken together, these studies suggest that augmented carotid body chemosensory reflex mediates sympathetic activation and hypertension caused by CIH.
CIH results in remodeling of the carotid body chemosensory reflex pathway
Carotid body An increase in the carotid body sensory nerve activity is an essential prerequisite for triggering the chemosensory reflex. Several studies showed that CIH leads to augmented hypoxic sensitivity of the carotid body [32, 33, 38] . In addition to affecting the hypoxic response, CIH also induces functional plasticity of the carotid body manifested as sensory long-term facilitation (LTF), which is characterized by long-lasting increase in baseline sensory nerve activity following repetitive hypoxia [39] . In contrast, CIH had no effect on the hypercapnic response of the carotid body [38] suggesting that CIH selectively affects O 2 sensing by the carotid body. The CIH-induced functional changes were not associated with any noticeable alterations in carotid body morphology [39, 40] .
Brooks et al. reported that hypertension develops overtime in a canine model of OSA [41] . Similarly, the effects of CIH on the carotid body are also time dependent in that they appeared after 3 days of IH exposure, and magnitude of the responses (i.e., sensitization of the hypoxic response and induction of sensory LTF) further increased after 10 days of IH [39] . SDB patients exhibit pronounced elevations in blood pressure during apnea and increased sympathetic nerve activity, and hypertension persists during daytime even in the absence of apneas [8, 42] . It has been proposed that the enhanced hypoxic sensitivity of the carotid body contributes to acute elevations in blood pressure during apnea, and the sensory LTF contributes to daytime hypertension and increased sympathetic tone in the absence of apneas [43] .
Brain stem neurons Processing of sensory information from the carotid body at the central nervous system (CNS) is essential for translating the increased carotid body activity to activation of the sympathetic nervous system. Nerve fibers from the carotid body course through the carotid sinus nerve to the brain stem, where they synapse with neurons in the nucleus tractus solitarius (nTS) and rostral ventrolateral medulla (RVLM), from which the efferent signal is transmitted to the sympathetic nervous system. Kline et al. [44] reported that CIH increases postsynaptic neuronal activity in the nTS. CIH also increases RVLM neuronal activity [45] , and this effect requires increased glutamatergic transmission [46] . Collectively, these studies suggest that altered carotid body function and increased excitability of brain stem neurons underlie the heightened carotid body chemosensory reflex by CIH.
Adrenal medulla: sympathetic effector organ The adrenal medulla is one of the major end organs of the sympathetic nervous system, and medullary chromaffin cells secrete catecholamines (epinephrine and norepinephrine) during hypoxia via activation of the carotid body chemosensory reflex. Recent studies showed that CIH markedly augments hypoxia-evoked catecholamine secretion from the adrenal medulla [10] , and this effect is mediated by activation of sympathetic nerves by the carotid body chemosensory reflex [11] . Either adrenal demedullation [47] or ablation of sympathetic innervation to the adrenals [11] prevents CIH-induced hypertension and elevated plasma catecholamine levels.
Taken together, these studies demonstrate that the augmented carotid body chemosensory reflex is associated with functional remodeling of the carotid body, enhanced excitability of brain stem neurons, and augmented catecholamine secretion from the adrenal medulla, the major end organ of the chemosensory reflex pathway (Fig. 1 ).
Molecular basis of CIH-induced hypertension: role of hypoxia-inducible factors (HIFs)
As described above, the effects of CIH on the carotid body chemosensory reflex and the development of hypertension are time dependent. Such time-associated changes in physiological variables are attributed to transcription factor-mediated gene regulation and the resulting de novo protein synthesis [12] . Recent studies on rodent and cell culture models identified HIFs as the major molecular mechanisms underlying the effects of CIH.
HIF-1 and HIF-2 are well-studied members of the HIF family of transcriptional activators [13] . They are heterodimers comprised of an O 2 -regulated α subunit and a constitutively expressed β subunit. The transcriptional activation of HIFs by continuous hypoxia requires increased accumulation of α subunit, and dimerization with β subunit along with interaction with co-activators p300 (adenovirus EIAassociated 300-kDa protein) and CBP (cyclic AMPresponsive element-binding protein) [12, 13] . The following section summarizes how CIH affects HIF-α isoforms in the chemosensory reflex pathway and its impact on blood pressure.
Effects of CIH on HIF-α isoform expression in the chemosensory reflex pathway Carotid body Glomus cells, which are the primary O 2 -sensing cells of the carotid body, express both HIF-1α and HIF-2α [48, 49] . While continuous hypoxia increases both HIF-1α and HIF-2α [48, 49] , CIH increases HIF-1α [50] and decreases HIF-2α [51] protein levels in the carotid body. The carotid body receives the highest blood flow per tissue weight of any organ in the body [52] [53] [54] . Given the high blood flow, changes in HIF-α expression are likely due to direct effects of CIH on the glomus cells. Such a possibility is supported by the finding that rat pheochromocytoma-12 (PC12) cells, which are O 2 sensitive like glomus cells, when exposed to IH also exhibit increased HIF-1α and decreased HIF-2α proteins [51] .
Mechanisms underlying CIH-induced dysregulation of HIF-α isoform proteins were examined in PC12 cell cultures. These studies showed that CIH increases reactive oxygen species (ROS) by activating xanthine oxidase [55] . ROS in turn elevates cytosolic Ca
2+
, by which activating protein kinase Cdependent NADPH oxidase increases HIF-1α protein via mammalian target of rapamycin (mTOR)-dependent protein synthesis and decreased proline hydroxylation [55] [56] [57] . The decreased HIF-2α protein by CIH, on the other hand, is due to -dependent calpain proteases [51, 56] . The complex signaling pathways mediating the dysregulated HIF-α isoforms by CIH are schematically illustrated in Fig. 2 . Cell culture studies also revealed that CIH-induced changes in HIF-α isoform proteins are reflected in increased HIF-1-and decreased HIF-2-mediated transcriptional activity [51, 58] .
Brain stem and adrenal medulla Similar to the carotid body, CIH exposure also results in an imbalance of HIF-α isoform protein expression in the neurons of nTS and RVLM as well as in the adrenal medulla [11, 33, 51, 59] . The CIH-evoked HIF-α imbalance in the brain stem and in the adrenal medulla was prevented by selective ablation of the carotid body [11] . Unlike the carotid body, isolated brain stem neurons or the adrenal medulla is relatively insensitive to hypoxia [60] . A recent study by Peng et al. [11] demonstrated that CIHevoked carotid body neural activity triggers HIF-α and ROS imbalance in the nTS and RVLM of the brain stem and in the sympathetic end organ, the adrenal medulla.
R e l e v a n c e o f H I F -α d y s re g u l a t i o n b y C I H t o hypertension Complete deficiency of either HIF-1α or HIF-2α is lethal, whereas heterozygous (HET) mice, which are partially deficient in either HIF-1α or HIF-2α expression, develop normally and are indistinguishable from wild-type (WT) littermates under normoxic conditions [61] [62] [63] . Hif1a +/− mice showed remarkable absence of CIH-induced hypertension as compared with gender-matched wild-type littermates [33] . The lack of hypertension was associated with absence of all responses to CIH, including the following: sensitization of carotid body response to hypoxia, induction of sensory LTF, increased HIF-1α expression, and elevated plasma norepinephrine levels. These findings suggest that activation of HIF-1α is required for activation of the carotid body chemosensory reflex that leads to hypertension in response to CIH.
In contrast, Hif2a +/− mice exhibit phenotypic changes under normoxic conditions that are similar to CIH-exposed wildtype mice, including as follows: hypertension, elevated plasma catecholamines, increased incidence of apnea, enhanced carotid body response to acute hypoxia, and augmented catecholamine secretion from adrenal chromaffin cells [64] . These phenotypic changes were associated with increased HIF-1α expression in the chemosensory reflex pathway. Blockade of HIF-1α expression by systemic administration of digoxin prevented the development of hypertension, respiratory abnormalities, and chemosensory reflex responses in Hif2a +/− mice [65] . Similarly, restoring HIF-2α levels by administration of a calpain inhibitor also prevented hypertension in CIHexposed rats [51] . Taken together, these findings provide evidence for dysregulated HIF-α isoforms as a critical molecular mechanism underlying CIH-induced hypertension. 
ROS

How do HIFs contribute to CIH-evoked hypertension?
Oxidative stress Since IH is characterized by periods of hypoxia interspersed with normoxia, it was proposed that reactive oxygen species (ROS) generated during the re-oxygenation phase of IH mediate hypertension by CIH [66] . Consistent with this possibility, Dyugobskaya et al. [67] were one of the first to report increased ROS generation in CD11C-positive monocytes isolated from OSA patients, and they further showed that ROS contribute to increased expression of adhesion molecules (CD15 and CD11C) in monocytes and increased adhesion to endothelial cells. Subsequently, a number of studies reported elevated levels of several biomarkers of oxidative stress in plasma, urine, exhaled breath, and cells derived from SDB patients [68] . A study by Grebe et al. [69] reported decreased vasodilation of the brachial artery in OSA patients, and this response was restored by anti-oxidant treatment, suggesting that elevated oxidative stress contributes to increased vascular tone in these patients. Nasal CPAP treatment reversed the oxidative stress in SDB patients [68] .
Rodents exposed to CIH showed increased ROS levels in carotid bodies [39] , nTS and RVLM [11] , and in the adrenal medulla [10, 11] as evidenced by decreased aconitase enzyme activity, a robust biochemical marker of ROS [70] , or increased malondialdehyde levels, an index of oxidized lipids [71] . ROS has been shown to augment the carotid body chemosensory reflex in CIH-exposed rodents by affecting neurotransmitters [71, 72] and ion channels in the carotid body [73] , neuronal excitability in brain stem neurons [11, 44] , as well as catecholamine secretion from adrenal medullary chromaffin cells by affecting calcium signaling [10, 74] . Remarkably, treating CIHexposed rats with ROS scavengers prevented the sensitization of the carotid body response to hypoxia, sensory LTF [39, 71, 72, 75] , augmented catecholamine secretion from the adrenal medulla, and hypertension [10] . These studies suggest that increased generation of ROS is a major cellular mechanism, by which augmenting the carotid body chemosensory reflex contributes to CIH-induced hypertension.
How does CIH lead to increased ROS generation? Cellular ROS levels depend on the balance between their generation by pro-oxidant enzymes and metabolism by anti-oxidant enzymes. The NADPH oxidase (Nox) family of enzymes including Nox1, 2, 3, and 4 isoforms are one of the major sources of ROS [76] . Of these four isoforms, Nox2 is expressed in all components of the chemosensory reflex pathway including the carotid body, nTS as well as RVLM neurons, and the adrenal medulla [11, 72] . CIH increases Nox2 messenger RNA (mRNA) levels, protein expression, and enzyme activity in all of these tissues [11] . On the other hand, CIH decreases the mRNA, protein, and enzyme activity of superoxide dismutase 2 (Sod2), a major anti-oxidant enzyme in the mitochondria [51] . Inhibition of the mitochondrial electron transport chain (ETC) at complexes I and III also generate ROS [77] . It was shown that ROS generated by Nox2 inhibit complex I activity resulting in long-lasting ROS generation (i.e., ROS-induced ROS) [78] . These studies suggest that CIHinduced transcriptional imbalance between Nox2, representing the pro-oxidant enzymes, and Sod2, an antioxidant enzyme, is a key mechanism contributing to the increased generation of ROS in response to CIH.
HIFs mediate the transcriptional imbalance of redox regulating enzymes by CIH HIF-1 mediates increased Nox2 gene expression by CIH The effects of CIH on ROS generation was examined in wild-type and Hif1a
+/− littermate mice [33] . CIH increased ROS levels in wild-type but not in Hif1a +/− mice. IH increased Nox2 mRNA, protein, and enzyme activity in PC12 cells as well as in wild-type mouse embryonic fibroblasts (MEFs), and in the brain cortex, brain stem, and carotid body but not in the cerebellum of wildtype mice, and this effect was abolished or attenuated by blocking HIF-1 activity through RNA interference or pharmacologic inhibition (digoxin or YC-1) or by genetic knockout of HIF-1α in MEFs and in Hif1a +/− mice [59] . In contrast, increasing HIF-1α expression by treating PC12 cells with the iron chelator deferoxamine or by transfecting those with HIF-1α expression vector increased Nox2 expression and enzyme activity. These findings suggest that HIF-1 contributes to increased transcription of Nox2 by CIH.
HIF-2 contributes to decreased Sod2 gene transcription by CIH Scortegagna et al. [63] reported that HIF-2 is a potent activator of genes encoding anti-oxidant enzymes. The following findings suggest that decreased HIF-2α protein contributes to downregulation of Sod2 mRNA by CIH: (a) CIH-evoked HIF-2α degradation led to inhibition of SOD2 transcription, resulting in oxidative stress; (b) overexpression of transcriptionally active HIF-2α prevented CIH-evoked oxidative stress and restored SOD2 activity; and (c) systemic treatment of IH-exposed rats with ALLM, a calpain inhibitor, rescued HIF-2α degradation and restored SOD2 activity, thereby preventing oxidative stress and hypertension [51] .
Feed-forward regulation of ROS by dysregulation of HIF-α isoforms The studies described thus far suggest that imbalance between HIF-1α and HIF-2α, which contributes to CIH-induced oxidative stress in the carotid body chemosensory reflex pathway via transcriptional upregulation of pro-oxidant enzymes (Nox2) by HIF-1 and downregulation of anti-oxidant enzymes (Sod2) by HIF-2, resulting in increased ROS levels emerges as a major molecular mechanism underlying hypertension caused by CIH. Intriguingly, as described in the preceding section, CIH-induced ROS triggers dysregulation of HIF-α isoforms via Ca 2+ -dependent mechanisms. This dysregulation of HIF-α isoforms by creating transcriptional imbalance of pro-oxidant and anti-oxidant enzyme genes leads to further ROS generation, thereby creating a feed-forward mechanism that is central for developing hypertension (Fig. 2) .
Perspective
HIFs regulate hundreds of genes associated with O 2 homeostasis [12] . Regulation of sympathetic tone by carotid body chemosensory reflex requires proper expression of ion channels and various enzymes involved in the synthesis or degradation of neurotransmitters. Given that HIF-α isoforms also regulate genes encoding various ion channels [79] as well as enzymes involved in the synthesis of various neurotransmitters/ modulators [12] , further studies are needed to identify other genes that are HIF-1α or HIF-2α dependent (in addition to those associated with redox regulation) that may contribute to hypertension caused by altered carotid body chemosensory reflex function by CIH. It would be of interest to investigate whether HIF-mediated feed-forward regulation of ROS contributes to other forms of hypertension such as those seen in spontaneous hypertensive rats and in rats with compromised kidney function.
